An inverse annual variation is observed between surface pressure on the highest mountain, which has an elevation of approximately 4000 m, and in the lowlands of Taiwan (a subtropical island in east Asia). This inverse annual variation in surface pressure of high and low elevation in low latitudes reflects, essentially, a vertical phase reversal of the tropical circulation, which is illustrated with the annual variation in the vertical structure of tropical geopotential height.
Introduction
Landmass is warmer than the ocean in the summer, and this land-ocean thermal contrast is reversed during the winter. As a result, air mass (i.e., surface pressure divided by gravity) is heavier (lighter) over the landmass and lighter (heavier) over the ocean during the winter (summer). Evidently, the surface high (low) system is generally associated with low (high) surface temperature. Thus, seasonal variation in the land-ocean surface pressure contrast is opposite to that in thermal contrast. Examining the seasonal variation of atmospheric mass, van den Dool and Saha (1993) pointed out that some high elevations may have an annual cycle of surface pressure opposite to that of the major landmass. Saha et al. (1994) elaborated further this out-of-phase relationship in the mean monthly surface pressure anomaly between the Tibetan plateau and its surrounding lowlevel landmass. This opposite-phase variation of surface pressure was later confirmed by Chen et al. (1997) . Based upon some cross sections of geopotential height anomalies through Tibet, Saha et al. (1994) offered a ''trivial'' explanation of this interesting phenomenon, arguing that the annual variation of surface pressure in Tibet may be comparable to its own free atmospheric large-scale environment at 650 hpa.
Taiwan is a subtropical east Asian island with an area of approximately 30 000 km 2 that is separated primarily into two major geographic entities (east and west) by a north-south-oriented mountain range whose highest peak reaches 4000 m. Using different timescales in our recent analysis of the surface pressure variation of this island (Chen et al. 1998a,b) , an opposite-phase annual variation of monthly mean surface pressure between the tallest mountain (Yu-Shan) of Taiwan and its surrounding lowlands and sea caught our attention as being consistent with Saha et al.'s finding. However, the size of Taiwan makes this contrast of surface pressure undetectable to the global data assimilation system of any operational center. The purpose of this short note is to add to surface observations a new example of the inverse relationship between the annual variations of surface pressure on a tall tropical mountain and its lowlevel surroundings. The annual variation of the east Asian climate system primarily follows the alternation of two opposite monsoons (i.e., the southwesterly summer and the northeasterly winter east Asian monsoons) (e.g., Ramage 1971; Fein and Stephens 1987 ). An explanation of the inverse relationship of annual variation in surface pressure between high and low elevations in Taiwan is presented from a perspective of the annual variation of the large-scale monsoon circulation.
Annual variation of surface pressure
Taiwan has a total of 26 surface meteorological stations: four stations on small islands around Taiwan, three mountain stations above an elevation of 1000 m, Their annual variations are characterized by the following salient features. 1) As indicated by p s (Pen-Hu), a summer minimum and a winter maximum stand out in the surface pressure of the lowlands and sea around Taiwan. The annual variation of surface pressure in the vicinity of this island basically follows that in the giant landmass of Asia. This relationship will be illustrated further in the next section. 2) The semiannual variation of tropical circulation depicted by previous studies (e.g., van Loon and Jenne 1970; Weickmann and Chervin 1988; Chen et al. 1996) is discernable in the p s (Pen-Hu) time series. Saha et al. (1994) depicted a relationship between the Tibetan plateau and its surroundings; a clear inverse relationship also exists between annual variations of p s (Pen-Hu) and p s (Yu-Shan) . 3) Table 1 of Saha et al. (1994) showed that the amplitudes of the annual variation in surface pressure are much larger over India and China than over Tibet; the annual change of surface pressure between January and July is about 17 mb at Calcutta and only about 6 mb at Lhasa. This amplitude contrast is also true between Yu-Shan and Pen-Hu.
Annual variation of the low-latitude planetary circulation
During the northern winter, major troughs exist to the east of the North American and east Asian continents, and a minor trough extends equatorward from central Eurasia to North Africa. Ridges associated with these troughs are located to the west. Because of their baroclinic nature, stationary waves representing these asymmetric components of the Northern Hemispheric circulation exhibit a well-organized westward tilting (Lau 1979) . The existence of these baroclinic stationary waves in mid-and high latitudes is reflected by a horizontal phase change at 30ЊN. South of this latitude, a vertical phase reversal of stationary waves emerge (as revealed in the right column of Fig. 3 ). In the northern summer, the lower-tropospheric circulation is dominated by the North Pacific and North Atlantic anticyclones, and the Asian continental low (which covers the Asian monsoon region). These major low tropical circulation elements are overlaid by the two oceanic troughs and the Tibetan high (Krishnamurti 1971a,b) . The vertical reversal of the summer circulation structure is clarified further by the vertical phase change of the summertime tropical stationary waves depicted by White (1982) ; this represents the monsoonal (instead of baroclinic) characteristics of the planetary-scale circulation in the Tropics.
In view of the monsoonal nature of the tropical circulation, the low-and high-elevation surface pressure (or height) should vary out of phase, as long as the latter elevation is above the altitude of the vertical phase change of the tropical circulation and the mountain does not change the climate.
If this argument is substantiated, the cause of the inverse relationship between the annual variations of surface pressure at the tall tropical mountain and its surrounding lowlands can be explained.
To explore the cause of the opposite-phase annual variation of surface pressure suggested above, we display in Fig. 3 [with the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis data (Kalnay et al. 1996) for the period 1960-97] the seasonal mean departures of surface and upper-air geopotential heights from their yearly mean values. The major features of these anomaly charts are highlighted as follows.
1) The alternation of the summer continental low system (associated with the Asian monsoon) and the winter continental high system can be seen clearly from the contrast between Figs. 3d and 3h. From these two figures, one can observe that the annual variation of Taiwan surface pressure follows the continental-scale annual variation of Asian surface pressure.
2) The inverse annual variations of surface pressure between the Tibetan plateau and its surrounding lowlands are also apparent from the comparison between Figs. 3d and 3h. However, due to the small geographic size of Taiwan, the inverse annual variations of surface pressure over this island are revealed visibly in the contrast between these two figures.
3) The winter geopotential height is generally smaller than the summer value. Regardless of this seasonal In order to illustrate further the cause of the inverse annual variations of p s (Pen-Hu) and p s (Yu-Shan), the longitude-height cross sections of height anomalies at 25ЊN (constructed with the NCEP-NCAR reanalysis of the period 1960-97) are shown in Fig. 4 where the orography is darkened. Yu-Shan is located at 23Њ 29ЈN, 120Њ 57ЈE, only slightly south of the cross section, and is denoted by a thick, solid line. The horizontal ⌬p s and ⌬Z anomaly charts in Fig. 3 reveal that the continental heating (cooling) in summer (winter) results in the landmass low (high) system. Thus, the ⌬Z (25ЊN) anomalies around major mountains are negative (positive) in summer (winter). These lower-tropospheric ⌬Z (25ЊN) anomaly centers are overlaid aloft by the opposite-sign anomaly centers. This vertical phase reversal of ⌬Z (25ЊN) anomalies is consistent with the vertical structure of stationary waves portrayed by White (1982, his Fig. 4 ) at 30ЊN. As indicated by the orography of Yu-Shan, p s (Yu-Shan) belongs to the upper-tropospheric monsoon circulation regime, and p s (Pen-Hu) is a part of the lower-tropospheric monsoon circulation. The argument so far agrees with Fig. 4 that the inverse annual variations of p s (Pen-Hu) and p s (Yu-Shan) essentially reflect the out-of-phase annual variation of the lowerand upper-monsoon circulation in the Tropics. The illustration of the inverse annual variations between p s (Pen-Hu) and p s (Yu-Shan) with Figs. 3 and 4 is also applicable to Saha et al.'s (1994) suggestion that the annual variation of the Tibetan surface pressure should be a part of the large-scale environment at the 650-mb level.
Remarks
The contrast of the p s (Pen-Hu) and p s (Yu-Shan) annual variations in Taiwan offers us another example of the inverse annual variations of surface pressure between a tall tropical mountain and its surrounding lowlands in the Tropics as observed by Saha et al. (1994) . The general perception that surface pressure should belong to the lower troposphere might be misleading. As demonstrated in this short study, the inverse relationship of annual variations in surface pressure between a tall tropical mountain and low lands is actually an indicator of the vertical phase change in the planetary-scale monsoon circulation. This inverse annual variation of surface pressure is not only interesting in its own right, but it may be also significant to the study of long-term climate change. The NCEP-NCAR reanalysis data (Kalnay et al. 1996) are available at the present time only for the period 1958-97. However, some station observations from the tall mountains and lowlands in low latitudes may be traced back to the turn of the century, and this may allow some implication of the interdecadal variation of the tropical atmospheric circulation to be derived.
Finally, we should also clarify the reason for the inverse annual variation of surface pressure not to occur in mid-and high latitudes. As pointed out previously, the baroclinic nature of asymmetric component of the mid-high-latitude circulation is characterized by a vertical westward tilting (Lau 1979) , instead of a vertical phase reversal in its vertical structure, as the asymmetric circulation component in the Tropics. Therefore, it is unlikely to have inverse annual variations of surface pressure between a tall mountain and its surrounding lowlands, in mid-and high latitudes. VOLUME 12 J O U R N A L O F C L I M A T E of Taiwan. Comments given by Dr. Hung van den Dool on this paper were helpful in improving our presentation. We thank Mr. S.-Y. Wang and Mr. I.-S. Wong for their graphic assistance. The typing and editing support provided by Mrs. Reatha Diedrichs and Ms. Dana Baldridge, respectively, are highly appreciated.
